A~tract--Biofilms influence the transport and fate of heavy metals in aquatic environments both directly by adsorption and complexation reactions and indirectly via interactions with oxides of iron and manganese. These reactions were investigated by introducing lead into a continuous-flow biofilm reactor that was designed to simulate conditions in a flowing freshwater aquatic environment. The reactor provided controlled conditions, and use of a chemically-defined growth medium allowed calculation of lead speciation with a chemical equilibrium program (MINEQL). Pseudomonas cepacia was employed as a test cell strain because of its ability to grow and form biofilms in the defined medium. This bacterium affected lead distribution in the reactor by adsorbing lead both to adherent and suspended cells. When the aqueous bulk lead concentration was 1.4 0.1/~M and biofilm coverage (measured as chemical oxygen demand, COD) was 50 mequiv COD/m 2, lead adsorption was increased by about a factor of five relative to bare glass. Of the total lead in solution, only 1% was adsorbed to suspended cells (5 x 10 7 ceUs/ml). Lead adsorption to biofilms followed a Langmuir isotherm with a maximum adsorption (Fmax) of 56/~mol Pb/equiv COD and an adsorption equilibrium constant (K) of 0.64 liter/#mol Pb. Lead complexed with dissolved bacterial exopolymer was below detection limits. Pretreatment of glass slides with colloidal iron also significantly increased lead adsorption relative to bare glass. Lead adsorption to adsorbed iron fit a Langmuir isotherm with Fma x 50 #mol Pb/mol Fe, and K 1.3 liter/#mol Pb. Lead binding to glass coated with both cells and iron was additive, and could be predicted by summing adsorption predicted using isotherms for each constituent. The presence of iron surface coatings increased initial biofilm formation rates, but after reaching steady state conditions, biofilm coverage was similar for slides treated with iron and untreated slides. A concentration of 1 # M lead produced a transient reduction in suspended cell counts. Cell counts recovered to the original cell density over the course of five to ten reactor retention times. With iron present, the magnitude of the reduction in cell concentration in response to the addition of lead was greatly reduced, suggesting that toxic effects of lead may be reduced by iron.
INTRODUCTION
The toxicity of lead and other heavy metals has prompted great interest in their transport and fate in aquatic environments. The cycling of these metals in both freshwater and marine environments has been attributed to their binding to iron and manganese oxides, adsorption to suspended organic materials and complexation with dissolved organic materials . Some researchers have reported that metal oxides are the single most important determinant of trace metal adsorption , while others have reported that organic materials are more important because of their high active surface area . A number of laboratory studies have indicated that lead is predominantly associated with ferromanganese coatings . However, significant fractions of lead have also been reported to be associated with organic materials in natural aquatic environments . The relative significance of biotic vs abiotic factors as controls for trace metal cycling is expected to be influenced by conditions in the aqueous environment as well as the nature of the trace metal itself. found that 70% of extractable lead from estuarine sediments was associated with Fe and Mn oxides, while 50% of the total extractable cadmium was associated with an organic phase. Also, reported that iron was important in binding Ag, Cd, Cu, Pb and Zn, while humic materials were important in binding Ag and Cu.
Clearly, the binding of trace metals to both metal oxides and organic materials needs to be considered Abstract-Biofilms influence the transport and fate of heavy metals in aquatic environments both directly by adsorption and complexation reactions and indirectly via interactions with oxides of iron and manganese. These reactions were investigated by introducing lead into a continuous-flow biofilm reactor that was designed to simulate conditions in a flowing freshwater aquatic environment. The reactor provided controlled conditions, and use of a chemically-defined growth medium allowed calculation of lead speciation with a chemical equilibrium program (MINEQL) . Pseudomonas cepacia was employed as a test cell strain because of its ability to grow and form biofilms in the defined medium. This bacterium affected lead distribution in the reactor by adsorbing lead both to adherent and suspended cells. When the aqueous bulk lead concentration was 1.4 ± _ 0.1 /lM and biofilm coverage (measured as chemical oxygen demand, COD) was 50 mequiv COD/m 2 , lead adsorption was increased by about a factor of five relative to bare glass. Of the total lead in solution, only I% was adsorbed to suspended cells (5 x 10 7 cells/ml). Lead adsorption to biofilms followed a Langmuir isotherm with a maximum adsorption (Trna<) of 56 /lmol Pb/equiv COD and an adsorption equilibrium constant (K) ofO.64Iiter//lmol Pb. Lead complexed with dissolved bacterial exopolymer was below detection limits. Pretreatment of glass slides with colloidal iron also significantly increased lead adsorption relative to bare glass. Lead adsorption to adsorbed iron fit a Langmuir isotherm with Tmax = = 50 /lmol Pb/mol Fe, and K = = I.3liter//lmol Pb. Lead binding to glass coated with both cells and iron was additive, and could be predicted by summing adsorption predicted using isotherms for each constituent. The presence of iron surface coatings increased initial biofilm formation rates, but after reaching steady state conditions, biofilm coverage was similar for slides treated with iron and untreated slides. A concentration of I /l M lead produced a transient reduction in suspended cell counts. Cell counts recovered to the original cell density over the course of five to ten reactor retention times. With iron present, the magnitude of the reduction in cell concentration in response to the addition of lead was greatly reduced, suggesting that toxic effects of lead may be reduced by iron. INTRODUCTION with ferromanganese coatings (Carpenter et aI., 1975; . However, signifi The toxicity of lead and other heavy metals has cant fractions of lead have also been reported to be prompted great interest in their transport and fate in associated with organic materials in natural aquatic aquatic environments. The cycling of these metals in environments ; Cooper and both freshwater and marine environments has been . The relative significance of biotic vs attributed to their binding to iron and manganese abiotic factors as controls for trace metal cycling is oxides, adsorption to suspended organic materials expected to be influenced by conditions in the and complexation with dissolved organic materials aqueous environment as well as the nature of the . Some researchers have reported trace metal itself. found that 70% that metal oxides are the single most important of extractable lead from estuarine sediments was determinant of trace metal adsorption (Kruaskopf, associated with Fe and Mn oxides, while 50% of 1956; , while others have reported that the total extractable cadmium was associated with organic materials are more important because of their an organic phase. Also, high active surface area (Balistrieri and Murray, reported that iron was important in binding Ag, Cd, 1983; . A number of laboratory studies Cu, Pb and Zn, while humic materials were important have indicated that lead is predominantly associated in binding Ag and Cu.
Clearly, the binding of trace metals to both metal oxides and organic materials needs to be considered when examining the fate of these trace metals in the environment. Indeed, the ubiquity of bacteriadominated and ferromanganese-containing biofilms and flocculent particles in aquatic environments suggests that trace metal binding to these materials may be the most important factor governing trace metal transport in such environments. Physical removal of trace metals to sediments in natural environments and to sludges in engineered environments is therefore expected to be governed by adsorption, flocculation, a:ad settling of these materials. Such transport is expected to be further influenced by the interactions between the metal oxides and biogenic material, as first suggested by . Jenne reported that biogenic materials indirectly affect heavy metal availability via their control of hydrous oxides. A conceptual model of possible interactions of trace metals with surfaces and suspended and dissolved organic materials is shown in Fig. 1 . First, suspended organic material and biofilms can adsorb trace metals directly, and thus compete with adsorption at tlhe oxide surface binding sites. Findings from laboratory experiments have indicated that bacteria have significant binding capacities for lead . Second, organic materials can adsorb to oxide surf~Lces and alter subsequent trace metal adsorption. Such organic materials could be in the form of biofilms on oxide surfaces or adsorbed organic ligands. These surface coatings can mask the properties of the underlying surface by changing the surface charge or by occupying adsorption sites of the oxide surface . Complexing ligands can also adsorb to surfaces and increase metal adsorption . Third, dissolved biogenic organic material can form complexes with metals in solution. For example, extracellular polymers produced by bacteria have been reported as important ligands far complexing trace metals . Trace metal-organic complexes can also adsorb to oxide surfaces as a unit, and their adsorption behaviour may be different than that of the free metal ion. Fourth, biofilms and suspended organic materials can indirectly influence trace metal adsorption by altering the deposition of metal oxides to surfaces. This influence could be S..o~ded pd~er mle~*e Dissolved Cell passive, through alteration of the surfaces to which the oxides are depositing, or it could be active through the biological mediation of iron or manganese oxide deposition . Additionally, metal oxides bound to surfaces could influence subsequent cell adhesion and the formation of biofilms by altering the surface charge, nutrient concentration or other micro-environmental factors affecting colonization by bacteria. The complexity of the adsorption processes and their interactions, as well as the diversity of biofilmforming bacteria and the variability of the chemical composition of natural waters, has led to difficulties in developing useful models for predicting the distribution of heavy metals in natural environments. Studies using natural aquatic environments are ultimately limited by the large number of uncontrolled variables. On the other hand, most laboratory experiments using well-defined components have been too simplified to permit meaningful extension to natural systems. Many laboratory studies have evaluated trace metal adsorption to inorganic surfaces without consideration of the modification of surfaces by biogenic materials. A useful compromise would be to conduct laboratory studies with greater complexity than used in previous laboratory studies, while still maintaining sufficient experimental control to study the chemical and biological mechanisms underlying the observed effects.
In the present work, a biofilm reactor system was used for studying trace metal interactions with metal oxides and biogenic materials in a well-controlled laboratory environment. Experiments were used to investigate lead adsorption to biological materials, including attached biofilms, suspended cells, and biopolymers produced by the test bacterium, Pseudomonas cepacia. Lead adsorption to surfaces modified with iron oxide was also evaluated, and the interactions between iron oxides and biofilms were investigated in terms of lead adsorption. Lead toxicity to P, cepacia was also investigated both in the absence and presence of iron.
The reactor system used in this work permits accurate and independent control of hydraulic retention time (via feed rate) and Reynolds number (via recycle rate), as well as temperature and pH. A dilute, defined medium was employed so that lead speciation could be estimated using MINEQL, a chemical equilibrium computer program . The reactor was operated under sterile conditions and inoculated with a pure culture of P. cepacia. P. cepacia is predominantly a soil bacterium (Bergey's, 1984) and was chosen based on its ability to form biofilms and grow in the dilute growth medium . The adherent properties of P. cepacia in the defined medium were expected to mimic those of bacteria in aquatic systems. The use of a pure bacterial culture in these experiments avoided uncertainties that arise from using undefined natural assemblages in which bacterial community when examining the fate of these trace metals in the environment. Indeed, the ubiquity of bacteria dominated and ferromanganese-containing biofilms and flocculent particles in aquatic environments suggests that trace metal binding to these materials may be the most important factor governing trace metal transport in such environments. Physical removal of trace metals to sediments in natural environments and to sludges in engineered environ ments is therefore expected to be governed by adsorp tion, flocculation, and settling of these materials. Such transport is exp'~cted to be further influenced by the interactions between the metal oxides and bio genic material, as first suggested by . Jenne reported that biogenic materials indirectly affect heavy metal availability via their control of hydrous oxides. A conceptual model of possible interactions of trace metals with surfaces and sus pended and dissolved organic materials is shown in Fig. I . First, suspended organic material and biofilms can adsorb trace metals directly, and thus compete with adsorption at the oxide surface binding sites. Findings from laboratory experiments have indicated that bacteria have significant binding capacities for lead . Second, organic materials can adsorb to oxide surfaces and alter subsequent trace metal adsorption. Such organic materials could be in the form of biofilms on oxide surfaces or adsorbed organic ligands. Thesl: surface coatings can mask the properties of the underlying surface by changing the surface charge or by occupying adsorption sites of the oxide surface . Complexing ligands can also adsorb to surfaces and increase metal ad sorption . Third, dissolved biogenic organic material can form complexes with metals in solution. For example, extracellular poly mers produced by bacteria have been reported as important ligands for complexing trace metals Rudd et aI., 1984) . Trace metal-organic complexes can also adsorb to oxide surfaces as a unit, and their adsorption behaviour may be different than that of the free metal ion. Fourth, biofilms and suspended organic materials can indirectly influence trace metal adsorption by altering the deposition of metal oxides to surfaces. This influence could be passive, through alteration of the surfaces to which the oxides are depositing, or it could be active through the biological mediation of iron or manga nese oxide deposition . Additionally, metal oxides bound to surfaces could influence subsequent cell adhesion and the formation of biofilms by altering the surface charge, nutrient concentration or other micro-environmental factors affecting colonization by bacteria. The complexity of the adsorption processes and their interactions, as well as the diversity of biofilm forming bacteria and the variability of the chemical composition of natural waters, has led to difficulties in developing useful models for predicting the distri bution of heavy metals in natural environments. Studies using natural aquatic environments are ulti mately limited by the large number of uncontrolled variables. On the other hand, most laboratory exper iments using well-defined components have been too simplified to permit meaningful extension to natural systems. Many laboratory studies have evaluated trace metal adsorption to inorganic surfaces without consideration of the modification of surfaces by biogenic materials. A useful compromise would be to conduct laboratory studies with greater complexity than used in previous laboratory studies, while still maintaining sufficient experimental control to study the chemical and biological mechanisms underlying the observed effects.
In the present work, a biofilm reactor system was used for studying trace metal interactions with metal oxides and biogenic materials in a well-controlled laboratory environment. Exper iments were used to investigate lead adsorption to biological materials, including attached biofilms, suspended cells, and biopolymers produced by the test bacterium, Pseudomonas cepacia. Lead adsorp tion to surfaces modified with iron oxide was also evaluated, and the interactions between iron oxides and biofilms were investigated in terms of lead ad sorption. Lead toxicity to P. cepacia was also investi gated both in the absence and presence of iron.
The reactor system used in this work permits accurate and independent control of hydraulic reten tion time (via feed rate) and Reynolds number (via recycle rate), as well as temperature and pH. A dilute, defined medium was employed so that lead speciation could be estimated using MINEQL, a chemical equilibrium computer program . The reactor was operated under sterile conditions and inoculated with a pure culture of P. cepacia. P. cepacia is predominantly a soil bacterium (Bergey's, 1984) and was chosen based on its ability to form biofilms and grow in the dilute growth medium . The adherent properties of P. cepacia in the defined medium were expected to mimic those of bacteria in aquatic systems. The use of a pure bacterial culture in these experiments avoided uncertainties that arise from using undefined natural assemblages in which bacterial community structure can change with changing environmental conditions. The reactor e n v i r o n m e n t was not intended to mimic a complete natural environment, hut rather to simulate realistic elements o f such a system in order to study relevant m e c h a n i s m s of trace metal a d s o r p t i o n u n d e r controlled conditions.
EXPERIMENTAL

Biofilm reactor system
The biofilm reactor was constructed from polyethylene and Teflon * as described previously . The l-liter reactor contains 45 glass slides (Fisher Scientific, 51 x 76 x 1 mm) in three rows placed parallel to the direction of flow (Fig. 2) . Dye-tracer experiments showed uniform plug flow through the reactor chamber, but because the recycle ratio was above 5000, the reactor could be modeled as a completely mixed system. A pH controller (Chemcadet, Cole Parmer) was used to control addition of 0.01 M solutions of NaOH and HNO 3 to maintain a constant pH of 6.0 + 0.1. This pH was chosen to avoid precipitation of lead with phosphate in the medium at a lead concentration of 1/~M. All experiments in the reactor were conducted at 25 + I°C. The entire unit was housed in a laminar-flow hood to reduce the risk of bacterial and trace Prior to each use, the reactor was cleaned with 6:1 H20:HNO3 (v/v), sterilized with 80% ethanol at pH 1, and rinsed with 10 liters of sterile ddH20 and 10 liters of sterile medium.
Operating conditions for experiments in the biofilm reactor are listed in Table 1 . For each run (except controls), the reactor was inoculated with 50 ml of a pure culture of P. cepacia 17616 (strain identified by and obtained from T. Lessie at the University of Massachusetts) in the logarithmic phase of growth. P. cepacia is a rod-shaped, gramnegative obligate aerobe (Bergey's, 1984) . P, cepacia was previously shown to grow on a dilute, chemically-defined medium and to produce extracellular polymer and attached biofilms (Murgel et el., 1991) . The growth medium was originally selected by to minimize lead complexation and to ensure against the formation of precipitates that might absorb lead. The medium was modified (MMS-2, Table 2 ) by increasing the phosphate concen- structure can change with changing environmental conditions. The reactor environment was not in tended to mimic a complete natural environment, but rather to simulate realistic elements of such a system in order to study relevant mechanisms of trace metal adsorption under controlled conditions.
EXPERIMENTAL
Biofilm reactor system
The biofilm reactor was constructed from polyethylene and Teflon lll as described previously . The I-liter reactor contains 45 glass slides (Fisher Scientific, 51 x 76 x 1 mm) in three rows placed parallel to the direc tion of flow (Fig. 2) . Dye-tracer experiments showed uni form plug flow through the reactor chamber, but because the recycle ratio was above 5000, the reactor could be modeled as a completely mixed system. A pH controller (Chemcadet, Cole Parmer) was used to control addition of O.oI M solutions of NaOH and HNO} to maintain a con stant pH of 6.0 ±0.1. This pH was chosen to avoid precipi tation of lead with phosphate in the medium at a lead concentration of I /lM. All experiments in the reactor were conducted at 25 ± 1°C. The entire unit was housed in a laminar-flow hood to reduce the risk of bacterial and trace Operating conditions for experiments in the biofilm reac tor are listed in Table 1 . For each run (except controls), the reactor was inoculated with 50 ml of a pure culture of P. cepacia 17616 (strain identified by and obtained from T. Lessie at the University of Massachusetts) in the logarith mic phase of growth. P. cepacia is a rod-shaped, gram negative obligate aerobe (Bergey's, 1984) . P. cepacia was previously shown to grow on a dilute, chemically-defined medium and to produce extracellular polymer and attached biofilms . The growth medium was originally selected by Murge! et al. (1991) to minimize lead complexation and to ensure against the formation of pre cipitates that might absorb lead. The medium was modified (MMS-2, Table 2 ) by increasing the phosphate concen- predicted that no precipitates would form under the conditions of the experiments with the modified medium. Water used to prepare the medium and for all ot]aer experiments was distilled and deionized and had a resi,;tivity of 18.6 Mfl-cm. The medium was sterilized by autoclaving at 121-125°C (80rain for 10 liters, 40 min for 1 liter).
1ton pretreatment of glans slides
For some experiments, glass slides were pretreated with sterile suspensions of colloidal iron prior to their placement in the biofilm reactor. Colloidal iron was prepared by precipitating 5g/1 Fe(NO3)~ in distilled-deionized water (pH 6) and stirring for at least 1 month. Conditions of pretreatment were varied to provide a range of surface iron concentrations on the slides. Cleaned glass slides were placed in polypropylene racks (Fluoroware, Inc., Chaska, Minn.) and submerged in 2-liter dilutions of the colloidal iron oxide suspension with concentrations ranging from 10 to 100 mg Fe/l. The SUSl:~ensions with the submerged slides were sterilized by autoclaving as described above and then stirred with a magnetic st:Lrrer for 24-96 h. Final surface iron concentrations were dete:rmined for test slides by dissolving the surface coating and measuring iron by atomic absorption as described below.
Analyses
Suspended cell counts in the reactor liquid were measured daily using a particle size analyzer (Coulter Multisizer II, Coulter Electronics, Luton, England). Ten-ml samples were collected from the recycle line and fixed by adding 100 #1 of 25% glutaraldehyde (final glutaraldehyde concentration 0.25%). After allowing at least 5 min for fixation, 200/zl aliquots of the sample were added to vials and diluted with 20 g of an isotonic solution (Isoton II, Coulter Diagnostics). The Coulter Counter was equipped with a 30/~m orifice, and the aperture current was set at 1300 # A, which allowed observation of the entire size distribution of cells with minimal background counts. Fifty-/zl samples were analyzed within 1 h of collection to avoid errors caused by possible aggregation of cells. Cdt counts were compared to plate counts (APHA, 1989) and to direct counts by light microscopy. Direct counts wer,~ determined by pipetting a 10 #1 sample onto a microscope slide, placing a 18 x 18 mm cover slip over the droplet, and counting cells within a 70 x 70/zm ocular reticle grid calibrated at a final magnification of 1260 x. A Zeiss Universal (Germany) microscope fitted with 10 × oculars, a 63 x oil immersion phase contrast objective lens and 2 × optivar system was used for the direct counts.
Biofilm biomass was assayed both by direct microscopic counting of attached cells and by analysis of total oxidizable material using a chemical oxygen demand (COD) analysis of slides removed from the, reactor. Direct counts were made using the microscope described above at a magnification of either 800 × or t260 x by counting cells within a calibrated ocular reticle grid area. The COD of the attached films, which included the contribution of both cells and extracellular polymer, was determined using a modification of the COD technique described in Standard Methods (APHA, 1989) . Glass slides removed from the reactor were dipped briefly in distilled water to remove medium and suspended cells and then air dried. The slides were then broken and placed in a 250-ml Erler~Lmeyer flask. To each flask was added 50ml distilled-deionized water (ddH20), 0.3g HgSO4, 5 ml sulfuric acid reagent (w/Ag2SO4), 25 ml of 0.00417 N K2Cr207, and ala additional 70 ml of sulfuric acid reagent. These solutions were refluxed for 2 h, cooled, and titrated with 0.025 N ferrous ammonium sulfate. Extracellular, dissolved polymer was analyzed using total organic carbon (TOC) analysis of filtered and dialyzed reactor effluent. Samples (20 ml) from the reactor were filtered through 0.45 #m membrane filters (Type HA, Millipore, Bedford, Mass.) and then dialyzed against distilled water using Spectrapor membrane tubing (Spectrum Medical Industries, Los Angeles, Calif.) with a molecular weight cut-off (MWCO) of 6000 to 8000. The membrane tubing was rinsed with distilled water prior to dialysis to remove leachable organic material that was found to contribute significantly to the measured TOC. For TOC analysis, l-ml aliquots of the dialyzed sample were analyzed using a Model 700 TOC Analyzer (O-I Corporation, College Station, Tex.). Controls indicated no loss of polymer during filtration or dialysis.
Pyruvate concentrations were determined using a photometric technique with a diagnostic kit obtained from Sigma Chemical Co. (St Louis, Mo, Cat. # 726).
Lead and iron were analyzed with flametess atomic absorption spectroscopy (FAA) using a Model 460 atomic absorption spectrophotometer (Perkin-Elmer, Norwalk, Conn.) equipped with a Model HGA-2100 graphite furnace (Perkin-Elmer, Norwalk, Conn.). Lead and iron bound to slides was determined by extraction with nitric acid followed by measurement of absorbance of the extract with FAA. Slides were removed from the biofilm reactor, dipped for one second in lead-free MMS-2 medium, and placed individually into 25 ml of 6: 1 H20: HNO 3. After letting the slides soak in the acid solution for 24 h, the extract solutions were analyzed by FAA. The coefficient of variation for the FAA analyses was below 2%.
Lead bound to suspended ceils was measured using a filtration technique. At the termination of the reactor runs, a 750-ml effluent sample was collected. Three 200-ml aliquots of this sample were filtered through 0.45 #m filters (PVDF, Millipore, with a 47-mm glass holder). For each sample, lead in the filtered solids and filter was extracted with 20 ml of 6: I H20: HNO3 and analyzed with FAA. The collected filtrate from each sample was passed through a fresh filter, and lead bound to this filter was also extracted and analyzed. This second filter served as a blank that was used to account for lead adsorption to the filter apparatus and/or filter contamination. Lead bound to the second filter was assumed to be equal to that bound to the first filter because the change in aqueous lead concentration after filtration was < 1%. The lead concentration in blanks averaged about 20% of the total lead measured in reactor effluent samples. The coefficient of variation for the blanks was 20%, which translated to about 5% error for lead determinations in the samples.
The amount of lead bound to dissolved polymer was estimated by determining the lead concentrations of effluent samples before and after ultrafiltration. Ten-ml samples were filtered with Amicon Centriprep 10 (Danvers, Mass.) ultrafilters, by centrifugation at 1700g for 5min. These ultrafilters had a MWCO of 6000 to 8000. Samples of the filtered and unfiltered liquid were acidified to pH 2 for storage and then analyzed for lead by FAA. Polymer-bound lead was estimated from the difference between the lead concentration before and after ultrafiltration. Controls indicated that lead adsorption to the filter apparatus was negligible.
Lead adsorption isotherms
Lead adsorption to glass slides, biofilms and iron coatings was measured in solutions of lead with initial lead concentrations ranging from 0.2 to 2 # M. Slides with biofilms were prepared in the biofilm reactor and slides with similar pretreatments but without biofilms were prepared and stored in sterile MMS-2 medium. After pretreatment, three slides from each treatment were placed in polypropylene tration in the original reported medium (MMS) to ensure that phosphorus was present in excess. Pyruvate was used as the growth substrate at a feed concentration of 79 mg/1. Growth of P. cepacia in the MMS-2 medium was confirmed to be carbon limited by measuring growth curves with sodium pyruvate concentrations ranging from 0.01 to 0.5 g/I (data not shown). The chemical speciation program MINEQL (Westall et ai., 1976) predicted that no precipi tates would form under the conditions of the experiments with the modified medium. Water used to prepare the medium and for all other experiments was distilled and deionized and had a resistivity of 18.6 MO-cm. The medium was sterilized by autoclaving at 121-125°C (80 min for 10 liters, 40 min for I liter).
Iron pretreatment of glass slides
For some experiment!:, glass slides were pretreated with sterile suspensions of colloidal iron prior to their placement in the biofilm reactor. Colloidal iron was prepared by precipitating 5 g/I Fe(NOJ)J in distilled-deionized water (pH = = 6) and stirring for at least I month. Conditions of pretreatment were varied to provide a range of surface iron concentrations on the slides. Cleaned glass slides were placed in polypropylene racks (Fluoroware, Inc., Chaska, Minn.) and submerged in 2-liter dilutions of the colloidal iron oxide suspension with concentrations ranging from 10 to 100 mg Fe/I. The suspensions with the submerged slides were sterilized by autoclaving as described above and then stirred with a magnetic stirrer for 24-96 h. Final surface iron concentrations were dete:rmined for test slides by dissolving the surface coating and measuring iron by atomic absorp tion as described below.
Analyses
Suspended cell counts in the reactor liquid were measured daily using a particle size analyzer (Coulter Multisizer II, Coulter Electronics, Luton, England). Ten-ml samples were collected from the recycle line and fixed by adding 100 JlI of 25% glutaraldehyde (final glutaraldehyde concentration = = 0.25%). After allowing at least 5 min for fixation, 200 Jll aliquots of the sample were added to vials and diluted with 20 g of an isotonic solution (lsoton II, Coulter Diagnostics). The Coulter Counter was equipped with a 30 JIm orifice, and the aperture current was set at 1300 JlA, which allowed observation of the entire size distribution of cells with minimal background counts. FiftY-JlI samples were analyzed within I h of collection to avoid errors caused by possible aggregation of cells. Cell counts were compared to plate counts (APHA, 1989) and to direct counts by light micro scopy. Direct counts wer,~ determined by pipetting a 10 JlI sample onto a microscope slide, placing a 18 )( 18 mm cover slip over the droplet, and counting cells within a 70)( 70 JIm ocular reticle grid calibrated at a final magnification of 1260 x. A Zeiss Universal (Germany) microscope fitted with 10 x oculars, a 63 x oil immersion phase contrast objective lens and 2 x optivar system was used for the direct counts.
Biofilm biomass was a!sayed both by direct microscopic counting of attached cells and by analysis of total oxidizable material using a chemical oxygen demand (COD) analysis of slides removed from th., reactor. Direct counts were made using the microscope described above at a magnification of either 800 x or 1260 x by counting cells within a calibrated ocular reticle grid area. The COD of the attached films, which included the contribution of both cells and extracellu lar polymer, was determined using a modification of the COD technique described in Standard Methods (APHA, 1989) . Glass slides removed from the reactor were dipped briefly in distilled water to remove medium and suspended cells and then air dried. The slides were then broken and placed in a 250-ml Erlenmeyer flask. To each flask was added 50 ml distilled-dt:ionized water (ddH 2 0), 0.3 g HgS0 4 , 5 ml sulfuric acid reagent (w/Ag 2 S0 4 ), 25 ml of 0.00417 N K 2 CrP7, and all additional 70 ml of sulfuric acid reagent. These solutions were refluxed for 2 h, cooled, and titrated with 0.025 N ferrous ammonium sulfate. Extracellular, dissolved polymer was analyzed using total organic carbon (TOC) analysis of filtered and dialyzed reactor effluent. Samples (20 ml) from the reactor were filtered through 0.45 JIm membrane filters (Type HA, MiIIi pore, Bedford, Mass.) and then dialyzed against distilled water using Spectrapor'R membrane tubing (Spectrum Medical Industries, Los Angeles, Calif.) with a molecular weight cut-off (MWCO) of 6000 to 8000. The membrane tubing was rinsed with distilled water prior to dialysis to remove leachable organic material that was found to con tribute significantly to the measured TOC. For TOC analy sis, I-ml aliquots of the dialyzed sample were analyzed using a Model 700 TOC Analyzer (0-1 Corporation, College Station, Tex.). Controls indicated no loss of polymer during filtration or dialysis.
Pyruvate concentrations were determined using a photo metric technique with a diagnostic kit obtained from Sigma Chemical Co. (St Louis, Mo, Cat. # 726).
Lead and iron were analyzed with flameless atomic absorption spectroscopy (FAA) using a Model 460 atomic absorption spectrophotometer (Perkin-Elmer, Norwalk, Conn.) equipped with a Model HGA-2Ioo graphite furnace (Perkin-Elmer, Norwalk, Conn.). Lead and iron bound to slides was determined by extraction with nitric acid followed by measurement of absorbance of the extract with FAA. Slides were removed from the biofilm reactor, dipped for one second in lead-free MMS-2 medium, and placed individ ually into 25 ml of 6: I H 2 0: HNO J . After letting the slides soak in the acid solution for 24 h, the extract solutions were analyzed by FAA. The coefficient of variation for the FAA analyses was below 2%.
Lead bound to suspended cells was measured using a filtration technique. At the termination of the reactor runs, a 750-ml effluent sample was collected. Three 2oo-ml ali quots of this sample were filtered through 0.45 JIm filters (PVDF, Millipore, with a 47-mm glass holder). For each sample, lead in the filtered solids and filter was extracted with 20 ml of 6: I H 2 0: HNO J and analyzed with FAA. The collected filtrate from each sample was passed through a fresh filter, and lead bound to this filter was also extracted and analyzed. This second filter served as a blank that was used to account for lead adsorption to the filter apparatus and/or filter contamination. Lead bound to the second filter was assumed to be equal to that bound to the first filter because the change in aqueous lead concentration after filtration was < 1%. The lead concentration in blanks averaged about 20% of the total lead measured in reactor effluent samples. The coefficient of variation for the blanks was 20%, which translated to about 5% error for lead determinations in the samples.
The amount of lead bound to dissolved polymer was estimated by determining the lead concentrations of effluent samples before and after ultrafiltration. Ten-ml samples were filtered with AmiconCfj; Centriprep 10 (Danvers, Mass.) ultrafilters, by centrifugation at 1700 g for 5 min. These ultrafilters had a MWCO of 6000 to 8000. Samples of the filtered and unfiltered liquid were acidified to pH 2 for storage and then analyzed for lead by FAA. Polymer-bound lead was estimated from the difference between the lead concentration before and after ultrafiltration. Controls indicated that lead adsorption to the filter apparatus was negligible.
Lead adsorption isotherms
Lead adsorption to glass slides, biofilms and iron coatings was measured in solutions of lead with initial lead concen trations ranging from 0.2 to 2 JI M. Slides with biofilms were prepared in the biofilm reactor and slides with similar pretreatments but without biofilms were prepared and stored in sterile MMS-2 medium. After pretreatment, three slides from each treatment were placed in polypropylene racks and submerged into each of five 2-liter solutions with five different lead concentrations. The lead solutions were prepared in MMS-2 medium without pyruvate at pH 6. These solutions were kept in 4-liter polypropylene beakers at 25°C and stirred continuously with magnetic stirrers for 20 h. After equilibration, the slides were removed from the solutions and dipped for one second into lead-free MMS-2 medium (pH 6) to remove any residual lead solution. Lead and iron adsorbed on the slides was extracted by soaking each slide in 25 ml of6:1 H20:HNO 3 for 24 h with occasional stirring. Extracted lead and iron in these solutions were then analyzed using FAA as described above. The total lead in the equilibrium solutions was also determ!ned by FAA, and the free lead ion concentration was calculated using MINEQL.
RESULTS
Lead distribution in the biofilm reactor
The biofilm reactor was inoculated with P. cepacia 17616 and operated for four continuous-flow runs, each being 4-8 weeks in duration. Each of these runs appeared to be free of microbial contamination, as confirmed by spread plates and microscopical examination. After inoculation, the suspended cell concentration increased to a steady value of about 5.0 x l07 ceils/ml after the first 10 days of operation. In each run, the reactor was initially operated without lead addition, and after reaching steady conditions, lead was added to the feed at a concentration of 1.2-1.5/tM. This step change allowed evaluation of the effect of lead on the biological system by monitoring suspended cell counts. The effluent lead concentration gradually increased as the reactor liquid was cycled out of the system and as lead adsorption sites became saturated (Fig. 3) . After reaching a constant effluent lead concentration, the amount of lead bound to suspended cells, dissolved polymer and attached films was determined. Lead bound to suspended cells (at 5.0 x 107 cells/ml) accounted for only about one percent of the total lead in the reactor effluent (Table 3) . On the basis of the number of cells, lead adsorption was 0.003/~mol Pb/10 t° cells, and on the basis of the COD of the suspended cells, lead adsorption was about 0.010/~mol Pb/mequiv COD.
The dissolved polymer concentration at steady state, measured using dialysis and TOC analysis, was 2.5 + 0.25 mg TOC/1, and at this polymer concentration complexation of lead with polymer was not detected. The steady state pyruvate concentration was I mg/l, and lead complexation with pyruvate at this concentration was calculated using MINEQL to also be negligible. Complexation with inorganic ligands (sulfate and hydroxide) accounted for 11% of the lead in solution (Table 3) . Metabolically generated CO: was controlled through gas exchange with the atmosphere because the reactor was well-aerated. MINEQL modelling was based on an open system with a constant pH of 6.0, and under these conditions carbonate and bicarbonate complexes with lead were calculated to be negligible.
Biofilms developed to the extent of approximately 40% surface coverage on slides in the first row in the reactor and about 30% surface coverage on slides in the second and third rows (Fig. 2) . Surface cell concentrations were estimated using direct microscopic counting to be 4.8 x 10" cells/m: in the first row of slides and 2.9 x 10" cells/m 2 in the second and third rows. The chemical oxygen demand (COD) of these biofilms was 52 + 7 mequiv COD/m 2 in the first row and 32 + 2 mequiv COD/m: in the second and third rows. The higher cell densities and COD on the first row of slides may have been caused by differences in the fluid dynamics near the inlet of the reactor. This difference was probably not caused by a gradient in substrate concentration because the recycle ratio was very high (~ 5000).
Significant amounts of lead were bound to the attached biofilms after equilibration with influent lead at a total concentration of 1.4/aM. The lead concentration on biofilm-coated surfaces ranged from 0.7 to 1.5/~mol Pb/m 2, depending on the amount of biofilm developed on the glass surface (Table 4) . Using the lead adsorption isotherm determined for the glass slides (see following section), it was estimated that 0.25 #mol Pb/m 2 would be adsorbed to the glass substratum. Subtracting this quantity from the total adsorbed lead indicates that 0.5-1.25 #reel Ph/m 2 was adsorbed to the attached racks and submerged into each of five 2-1iter solutions with five different lead concentrations. The lead solutions were prepared in MMS-2 medium without pyruvate at pH 6. These solutions were kept in 4-liter polypropylene beakers at 25°C and stirred continuously with magnetic stirrers for 20 h. After equilibration, the slides were removed from the solutions and dipped for one second into lead-free MMS-2 medium (pH = = 6) to remove any residual lead solution. Lead and iron adsorbed on the slides was extracted by soaking each slide in 25 ml of 6: I H 2 0: HNO J for 24 h with occasional stirring. Extracted lead and iron in these sol utions were then analyzed using FAA as described above. The total lead in the equilibrium solutions was also deter m:ned by FAA, and the free lead ion concentration was calculated using MINEQL.
RESULTS
Lead distribution in the biofilm reactor
The biofilm reactor was inoculated with P. cepacia 17616 and operated for four continuous-flow runs, each being 4-8 weeks in duration. Each of these runs appeared to be free of microbial contamination, as confirmed by spread plates and microscopical exam ination. After inoculation, the suspended cell concen tration increased to a steady value of about 5.0 x 10 7 cells/ml after the first 10 days of operation. In each run, the reactor was initially operated without lead addition, and after reaching steady conditions, lead was added to the feed at a concentration of 1.2-1.5 JlM. This step change allowed evaluation of the effect of lead on the biological system by monitor ing suspended cell counts. The effluent lead concen tration gradually increased as the reactor liquid was cycled out of the system and as lead adsorption sites became saturated (Fig. 3) . After reaching a constant effluent lead concentration, the amount oflead bound to suspended cells, dissolved polymer and attached films was determined. Lead bound to suspended cells (at 5.0 x 10 7 cells/ml) accounted for only about one percent of the total lead in the reactor effluent (Table 3) . On the basis of the number of cells, lead adsorption was 0.003 Jlmol Pb/lQIo cells, and on the basis of the COD of the suspended cells, lead adsorp tion was about 0.010 Jlmol Pb/mequiv COD.
The dissolved polymer concentration at steady state, measured using dialysis and TOC analysis, was 2.5 ± 0.25 mg TOCjI, and at this polymer concen tration complexation of lead with polymer was not detected. The steady state pyruvate concentration was 1mg/l, and lead complexation with pyruvate at this concentration was calculated using MINEQL to also be negligible. Complexation with inorganic ligands (sulfate and hydroxide) accounted for 11 % of the lead in solution (Table 3) . Metabolically gener ated CO 2 was controlled through gas exchange with the atmosphere because the reactor was well-aerated. MINEQL modelling was based on an open system with a constant pH of 6.0, and under these conditions carbonate and bicarbonate complexes with lead were calculated to be negligible. Biofilms developed to the extent of approximately 40% surface coverage on slides in the first row in the reactor and about 30% surface coverage on slides in the second and third rows (Fig. 2) . Surface cell concentrations were estimated using direct micro scopic counting to be 4.8 x 1011 cells/m 2 in the first row of slides and 2.9 x 1011 cells/m 2 in the second and third rows. The chemical oxygen demand (COD) of these biofilms was 52 ± 7 mequiv COD/m 2 in the first row and 32 ±2 mequiv COD/m 2 in the second and third rows. The higher cell densities and COD on the first row of slides may have been caused by differ ences in the fluid dynamics near the inlet of the reactor. This difference was probably not caused by a gradient in substrate concentration because the recycle ratio was very high ( -5000).
Significant amounts of lead were bound to the attached biofilms after equilibration with influent lead at a total concentration of 1.4 Jl M. The lead concentration on biofilm-coated surfaces ranged from 0.7 to 1.5 Jlmol Pb/m 2 , depending on the amount of biofilm developed on the glass surface (Table 4) . Using the lead adsorption isotherm deter mined for the glass slides (see following section), it was estimated that 0.25 Jlmol Pb/m 2 would be ad sorbed to the glass substratum. Subtracting this quantity from the total adsorbed lead indicates that 0.5-1.25 jlmol Pb/m biofilms. In terms of the COD of the attached films, estimated biofilm lead adsorption was 15 to 24#mol Pb/equiv COD ( Table 4 ). The total lead bound to biotilms on all of the slides in the reactor was estimwLed to be 0.32 #mol. Thus lead bound to biofilms was significant when compared to the total lead in solution (l.4/zmol, Table 3 ). A mass-balance on: lead entering and exiting the reactor suggested ~hat a total of 1 #mol of Pb accumulated in the reactor (in addition to Pb in solution). This indicates that lead may also have adsorbed to the other reactor surfaces and to attached cells in other parts of the reactor system such as the recycle lines, pump and reactor walls. At steady state, however, this sink for lead in the reactor system would have had no effect on final lead phase distribution.
Effect of iron on lead adsorption in the biofilm reactor
Iron deposits on glass and biofilm surfaces significantly increased lead adsorption. To observe the effect of iron deposits on lead adsorption, the biofilm reactor was operated with a portion of the glass slides pretreated with colloidal iron prior to exposure to lead. The iron pretreatments resulted in final surface iron concentrations of 34.5 6.8/tmol Fe/m 2. Control slides with no iron treatment exhibited final surface iron concentrations of only 0.92 + 1.2 pmol Fe/m 2. After growing biofilms on the iron-treated and untreated slides and exposing the reactor to an influent lead concentration of 1.4pM, lead adsorption was 2.7+0.3/zmol Pb/m: on the irontreated slides, but only 1.0 ___ 0.5 #mol Pb/m 2 on the untreated slides.
Lead adsorption isotherms
Lead adsorption to biofilms and iron deposits was further investigated by measuring lead adsorption isotherms for glass slides with and without biofilms and with and without iron pretreatment. To generate these isotherms, the biofilm reactor was used to produce slides with biofilms, and lead adsorption was then measured outside the reactor by equilibrating lead solutions with the variously treated slides. Lead adsorption to the composite of the glass surface and biofilm coating are compared to lead adsorption to glass alone in Fig. 4 . The presence of a biofilm (38 mequiv COD/m 2) increased lead adsorption by about a factor of five relative to bare glass over a range of lead concentrations from 0.1 to 1.1/~M.
To investigate lead adsorption to iron deposits, lead adsorption isotherms were determined for sterile slides treated with colloidal iron oxide (no biofilm). The effect of iron on lead adsorption to slides depended on the amount of iron deposited. For example, with a surface iron concentration of 7/~mol Fe/m 2, lead adsorption approximately doubled relative to bare glass (Fig. 5) .
Figures 4 and 5 compare lead adsorption of composite surfaces (glass plus biofilm, and glass plus iron) to that of glass alone. To determine lead adsorption isotherms individually for P. cepacia biofilms and iron oxide, adsorption to bare slides was subtracted from the total lead adsorbed to the composite biofilms. In terms of the COD of the attached films, estimated biofilm lead adsorption was 15 to 24 J.tmol Pb/equiv COD ( Table 4 ). The total lead bound to biolilms on all of the slides in the reactor was estimated to be 0.32 J.tmol. Thus lead bound to biofilms was significant when compared to the total lead in solution (1.4 J.tmol, Table 3 ). A mass-balance on lead entering and exiting the reactor suggested that a total of 1J.tmol of Pb accumulated in the reactor (in addition to Pb in solution). This indicates that lead may also have adsorbed to the other reactor surfaces and to at tached cells in other parts of the reactor system such as the recycle lines, pump and reactor walls. At steady state, however, this sink for lead in the reactor system would have had no effect on final lead phase distribution.
Effect of iron on lead adsorption in the biofilm reactor
Iron deposits on glass and biofilm surfaces signifi cantly increased lead adsorption. To observe the effect of iron deposits on lead adsorption, the biofilm reactor was operat(:d with a portion of the glass slides pretreated with colloidal iron prior to exposure to lead. The iron pretreatments resulted in final 
Lead adsorption isotherms
Lead adsorption to biofilms and iron deposits was further investigated by measuring lead adsorption isotherms for glass slides with and without biofilms and with and without iron pretreatment. To generate these isotherms, the biofilm reactor was used to produce slides with biofilms, and lead adsorption was then measured outside the reactor by equilibrating lead solutions with the variously treated slides. Lead adsorption to the composite of the glass surface and biofilm coating are compared to lead adsorption to glass alone in Fig. 4 . The presence of a biofilm (38 mequiv COD/m 2 ) increased lead adsorption by about a factor of five relative to bare glass over a range of lead concentrations from 0.1 to l.lIlM.
To investigate lead adsorption to iron deposits, lead adsorption isotherms were determined for sterile slides treated with colloidal iron oxide (no biofilm). The effect of iron on lead adsorption to slides depended on the amount of iron deposited. For example, with a surface iron concentration of 7 II mol Fe/m 2 ,
lead adsorption approximately doubled relative to bare glass (Fig. 5) .
Figures 4 and 5 compare lead adsorption of com posite surfaces (glass plus biofilm, and glass plus iron) to that of glass alone. To determine lead adsorption isotherms individually for P. cepacia biofilms and iron oxide, adsorption to bare slides was sub tracted from the total lead adsorbed to the composite Table 5 .
surfaces. Lead adsorption to glass slides over the concentration range of interest followed a Langmuir isotherm [ Fig. 6 (a) and Table 5 ]. By subtracting the lead adsorption predicted with this isotherm, an adsorption isotherm for bacterial cells in the biofilm was generated [Fig. 6(b) and Table 5 ]. Lead adsorption to iron deposits was measured for a range of iron surface concentrations from 1 to 60#mol Fe/m 2. Adsorption to iron was normalized by calculating the molar ratio of lead to iron, resulting in the adsorption isotherm shown in Fig. 6 (c) and summarized in Table 5 . Measured adsorption to iron was similar to adsorption to amorphous iron oxides reported by [Fig. 6(c) ]. The predictive capability of these isotherms is evaluated in the discussion section.
Biofilm-iron interactions
Indirect effects of iron on lead distribution via influences of iron on the biological system were also investigated. Possible influences that were evaluated were effects of iron on nutrition and cell deposition rate. Iron mitigation of lead toxicity is another potentially significant interaction, and this is discussed in the next section.
Experiments in shake flasks as well as in the biofilm reactor indicated that iron was not a limiting nutrient for P. cepacia. Steady state suspended cell concentrations in the biofilm reactor were not affected by the presence of iron as adsorbed deposits (Fig. 7) .
Initial biofiim accumulation rates in the reactor were higher on glass slides pretreated with iron than on slides receiving no pretreatment. During the first 13 days after inoculation, the presence of colloidal iron on the glass surfaces increased the amount of biofilm formed by 41% ( S D = 4 % ) . However, 23 days after inoculation, the quantity of biofilm formed was similar on slides with and without adsorbed colloidal iron. and (C) were obtained by subtracting predicted adsorption to glass alone [from (A)). Langmuir isotherms were obtained by non-linear least squares curve-fitting (Delta Graph'"), and Langmuir parameters are listed for each isotherm in Table 5 .
surfaces. Lead adsorption to glass slides over the concentration range of interest followed a Langmuir isotherm [ Fig. 6 (a) and Table 5 ]. By subtracting the lead adsorption predicted with this isotherm, an adsorption isotherm for bacterial cells in the biofilm was generated [Fig. 6(b) and Table 5 ]. Lead adsorp tion to iron deposits was measured for a range of iron surface concentrations from I to 60 Jtmol Fe/m 2 • Adsorption to iron was normalized by calculating the molar ratio of lead to iron, resulting in the adsorption isotherm shown in Fig. 6 (c) and summarized in Table 5 . Measured adsorption to iron was similar to adsorption to amorphous iron oxides reported by [Fig. 6(c) ]. The predictive capability of these isotherms is evaluated in the discussion section. •r m.. = = maximum lead adsorption.
Indirect effects of iron on lead distribution via influences of iron on the biological system were also investigated. Possible influences that were evaluated were effects of iron on nutrition and cell deposition rate. Iron mitigation of lead toxicity is another potentially significant interaction, and this is dis cussed in the next section.
Experiments in shake flasks as well as in the biofilm reactor indicated that iron was not a limiting nutrient for P. cepacia. Steady state suspended cell concen trations in the biofilm reactor were not affected by the presence of iron as adsorbed deposits (Fig. 7) .
Initial biofilm accumulation rates in the reactor were higher on glass slides pretreated with iron than on slides receiving no pretreatment. During the first 13 days after inoculation, the presence of colloidal iron on the glass surfaces increased the amount of biofilm formed by 41 % (SD = 4%). However, 23 days after inoculation, the quantity of biofilm formed was similar on slides with and without adsorbed colloidal iron. (B) Operation with iron pretreatment of slides.
Effect of lead on P. cepacia growth
Toxicity of lead to P. cepacia in the biofilm reactor was indicated by a decrease in the concentration of suspended cells after introduction of lead to the system [ Fig. 7(a) ]. After introduction of lead to the reactor feed, the effluent lead concentration gradually increased to a constant value as lead-free medium was flushed from the reactor and lead adsorption sites in the reactor became saturated (Fig. 3) . When the effluent lead concentration reached about 1-1.1/~M (3 days after introducing lead to the feed), cell numbers decreased from 5 x 107 to 3 x 107 cells/ml over the course of a few days. Interestingly, the number of cells th,~n increased to pre-lead levels without any reduction in effluent lead concentration [ Fig. 7(a) ]. This recovery indicates the possible induction of some form o:~" biological mechanism for overcoming lead toxicity. When iron was added to the reactor in the form of iron pretreated slides, toxic effects of lead toxicil:y were not observed. Cell numbers remained near]Ly constant at 5 x 107 cells/ml, even as the effluent lead concentration increased above 1.1 ltM [ Fig. 7(b) ].
Inhibition of P. cepacia growth by lead was further verified by a series of experiments in shake flasks. These experiments indicated an IC50 of 0.7/zM Pb 2÷ (free aquo Pb 2÷ concentration at which growth rate is reduced to 50% of its uninhibited value). No growth was observed for lead concentrations of 10/~M and greater.
iDISCUSSION
Biofilm composition
At the end of the lead equilibration experiments in the biofilm reactor (with total [Pb] i.4/~M, and [Pb 2+] 1.24/zM), total lead binding to biofilms without iron was estimated to be 0.5-1.25/~mol Pb/m 2. This lead binding was probably due to the sum of adsorption to attached cells and complexation by surface-associated exopolymers. The total COD measured for these biofilms (cells + polymer) was between 32 and 52 mequiv COD/m2. Based on the measured COD of suspended cells (0.32___0.04 mequiv COD/10 ~° cells), if attached cells exerted the same COD per cell zs suspended cells, the attached cells (at a surface concentration of 2.9-4.8 x l0 II cells/m 2) would be expected to exert a COD of 9.3-15 mequiv O2/m 2. By this calculation, attached cells would account for only about 30% of the total oxidizable material ~aeasured for the biofilms. Presumably, the remaini:ag 70% of the organic material was extracellular polymer produced by attached cells, indicating that significantly more extracellular polymer is associated with attached cells than with suspended cells. Similarly, other researchers recently studied exopolysaccharide synthesis of a bacterium and reported that attached cells produced five times more extracellular polysaccharide than free-living cells of the same culture .
Based on the observed adsorption of lead to suspended cells (0.003 #mol Pb/10 l° cells), and the surface concentration of attached cells (2.9-4.8 x l0 II cells/m2), adsorption to attached cells would be expected to result in only 0.09-0.14/1mol Pb/m 2 in the biofilm reactor experiments. This accounts for only 10-20% of the total lead adsorption measured for the biofilms. Therefore, lead binding to surfaceassociated extracellular polymer may be signifcantly greater than adsorption to attached cells alone, and further study of the biofilm composition and adsorption to its constituents is warranted.
Predictive capability of isotherms
The ability of the Langmuir adsorption isotherms of individual constituents to predict total lead adsorption to the composite surfaces was tested using measurements of total adsorption to composite surfaces in the biofilm reactor and in separate adsorption experiments. Total lead adsorption was predicted based on the assumption that adsorption to the multi-component film was additive. Implicit in this assumption is that adsorption site masking, as reported by is not signifcant under these conditions. The hypothesis used here was that: where the term on the left is the total measured adsorbed lead per unit area, and the terms on the right are predicted lead absorption to each constituent as calculated from Langmuir isotherms.
Lead adsorption measured for multi-component surfaces is compared to the sum of adsorption predicted for each component in Fig. 8 . These data were obtained by equilibrating slides removed from the biofilm reactor with solutions of lead in MMS-2 medium (without pyruvate) at pH 6 over a range of lead ion concentrations. For lead concentrations from 0.5 to 1.2pM, the predicted adsorption was l.S Free Lead Ion ConcentraUon (pM) Fig. 8 . Lead adsorption to glass slides with biofilms and iron deposits: comparison of lead adsorbed to composite surface to lead absorption predicted by summing predicted adsorption to surface constituents.
Effect of lead on P. cepacia growth
Toxicity of lead to P. cepacia in the biofilm reactor was indicated by a decrease in the concentration of suspended cells after introduction of lead to the system [ Fig. 7(a) ]. After introduction of lead to the reactor feed, the effluent lead concentration gradually increased to a constant value as lead-free medium was flushed from the reactor and lead adsorption sites in the reactor became saturated (Fig. 3) . When the effluent lead concentration reached about 1-1.1 11 M (3 days after introducing lead to the feed), cell numbers decreased from 5 x 10 7 to 3 X 10 7 cells/ml over the course of a few days. Interestingly, the number of cells then increased to pre-lead levels without any reduction in effluent lead concentration [ Fig. 7(a) ]. This recovery indicates the possible induc tion of some form of biological mechanism for over coming lead toxicity. When iron was added to the reactor in the form of iron pretreated slides, toxic effects of lead toxicity were not observed. Cell num bers remained nearlly constant at 5 x 10 7 cells/ml, even as the effluent lead concentration increased above 1.1 11M [Fig. 7(b) ].
Inhibition of P. cepacia growth by lead was further verified by a series of experiments in shake flasks. These experiments indicated an IC so of 0.7 11 M Pb 2 + (free aquo Pb2+ concentration at which growth rate is reduced to 50% of its uninhibited value). No growth was observled for lead concentrations of 10 11M and greater. cells/m 2 ) would be expected to exert a COD of9.3-15 mequiv 02/m2. By this calculation, attached cells would account for only about 30% of the total oxidizable material measured for the biofilms. Pre sumably, the remaining 70% of the organic material was extracellular polymer produced by attached cells, indicating that significantly more extracellular poly mer is associated with attached cells than with sus pended cells. Similarly, other researchers recently studied exopolysaccharide synthesis of a bacterium and reported that attached cells produced five times more extracellular polysaccharide than free-living cells of the same culture .
Based on the observed adsorption of lead to sus pended cells (O.003Ilmol Pb/lO w cells), and the sur face concentration of attached cells (2.9--4.8 x 1011 cells/m 2 ), adsorption to attached cells would be expected to result in only Pb/m 2 in the biofilm reactor experiments. This accounts for only 10-20% of the total lead adsorption measured for the biofilms. Therefore, lead binding to surface associated extracellular polymer may be significantly greater than adsorption to attached cells alone, and further study of the biofilm composition and adsorption to its constituents is warranted.
Predictive capability of isotherms
The ability of the Langmuir adsorption isotherms of individual constituents to predict total lead ad sorption to the composite surfaces was tested using measurements of total adsorption to composite sur faces in the biofilm reactor and in separate adsorption experiments. Total lead adsorption was predicted based on the assumption that adsorption to the multi-component film was additive. Implicit in this assumption is that adsorption site masking, as re ported by is not significant under these conditions. The hypothesis used here was that: r g1ass + Fe + biofilm = = r g1ass + rFe + rbiofilm , (I) where the term on the left is the total measured adsorbed lead per unit area, and the terms on the right are predicted lead absorption to each constitu ent as calculated from Langmuir isotherms.
Lead adsorption measured for multi-component surfaces is compared to the sum of adsorption pre dicted for each component in Fig. 8 . These data were obtained by equilibrating slides removed from the biofilm reactor with solutions of lead in MMS-2 medium (without pyruvate) at pH 6 over a range of lead ion concentrations. For lead concentrations from 0.5 to 1.2 11 M, the predicted adsorption was within 5% of measured values. However, at low lead concentrations (0.14).3#M) the multi-component films appeared to have adsorbed more lead than was predicted by summing the constituent contributions. The difference between prediction and observation at low lead concentrations may have been caused, in part, by less accurate lead concentration measurements at low concentrations.
Langmuir adsorption isotherms for glass, iron and biofilms were also used to predict lead adsorption to multi-component surfaces during direct adsorption experiments in the biofilm reactor. Predicted adsorption was within experimental error compared to that measured at the termination of the reactor runs (Table 6) .
It might be argued that the additivity of lead adsorption presented here is an artifact of the fact that adsorption to individual components was calculated by subtracting adsorption to the other components. However, lead adsorption to biofilms and iron were determined separately, requiring only the subtraction of lead adsorption to the glass substrate in order to calculate adsorption to each of these components. Under most of the conditions of these experiments, lead adsorption to glass was relatively small compared to that of biofilms or iron deposits, so that error introduced by subtracting inaccurate adsorption to glass would be small. Further, lead adsorption to iron measured in this work agrees with published data for lead adsorption to amorphous iron .
Significance of suspended and dissolved biogenic materials
In contrast to the strong effect of biofilms on lead adsorption, suspended cells and dissolved polymer had little effect on the distribution and speciation of lead in the bulk reactor liquid. Polymer-bound lead in solution was not detectable in these experiments, and lead bound to suspended cells accounted for only one percent of the total lead in solution. In comparison, lead adsorbed to surface coatings of P. cepacia accounted for about 15% of the total lead in the system.
The amount of organic material in solution or suspension in these experiments was limited by the amount of growth substrate (pyruvate) provided.
Previous laboratory studies have used higher concentrations of carbon, resulting in greater quantities of lead bound to suspended cells . Natural aquatic environments tend to be oligotrophic with very low concentrations of growth substrates. Thus, the low concentrations of cell-bound and polymerbound lead observed in these experiments might be expected to prevail in natural environments. However, over long time periods the role of biogenic organic materials in transport of trace metals to sediments is probably significant.
Lead inhibition of P. cepacia growth
Lead inhibited the growth of P. cepacia in the biofilm reactor at total lead concentrations of 1-2/~M, and an IC50 (inhibitory concentration that reduces growth rate by 50%) of 0.7#M Pb 2÷ was determined in shake-flask experiments. Because of the low concentrations of nutrients in the MMS-2 medium employed, 0.7 #M Pb 2÷ corresponds to a total Pb concentration of only 0.9/aM. In richer media, the total lead concentration could be expected to be one or two orders of magnitude greater than the concentration of the free aquo Pb 2÷ ion because of complexation and/or precipitation with media components. Thus determinations of lead toxicity to bacteria in rich media would be expected to result in observed toxicity at much higher total lead concentrations than those observed in the present work.
Lead inhibition of P. cepacia was apparently mitigated by the presence of iron deposits on reactor surfaces. Iron deposits may have reduced the availability of lead to the bacteria by sequestering lead, or alternatively iron may have facilitated a biological mechanism to avoid lead toxicity. Dissolved iron may have competed with lead for uptake sites on bacterial cells. Similar competition has been reported for other aquatic organisms such as phytoplankton .
Lead inhibition of growth should be considered in developing growth models for pure cultures of P. cepacia with lead present. However, in natural environments mixed cultures may be expected to be more resilient to such toxic effects. Further, the mitigation of toxicity by the presence of iron might also be expected to occur in natural systems. Langmuir adsorption isotherms for glass, iron and biofilms were also used to predict lead adsorption to multi-component surfaces during direct adsorption experiments in the biofilm reactor. Predicted adsorp tion was within experimental error compared to that measured at the termination of the reactor runs (Table 6) .
It might be argued that the additivity of lead adsorption presented here is an artifact of the fact that adsorption to individual components was calcu lated by subtracting adsorption to the other com ponents. However, lead adsorption to biofilms and iron were determined separately, requiring only the subtraction of lead adsorption to the glass substrate in order to calculate adsorption to each of these components. Under most of the conditions of these experiments, lead adsorption to glass was relatively small compared to that of biofilms or iron deposits, so that error introduced by subtracting inaccurate adsorption to glass would be small. Further, lead adsorption to iron measured in this work agrees with published data for lead adsorption to amorphous iron .
Significance of suspended and dissolved biogenic materials
In contrast to the strong effect of biofilms on lead adsorption, suspended cells and dissolved polymer had little effect on the distribution and speciation of lead in the bulk reactor liquid. Polymer-bound lead in solution was not detectable in these experiments, and lead bound to suspended cells accounted for only one percent of the total lead in solution. In compari son, lead adsorbed to surface coatings of P. cepacia accounted for about 15% of the total lead in the system.
Previous laboratory studies have used higher concen trations of carbon, resulting in greater quantities of lead bound to suspended cells . Natural aquatic environments tend to be oligotrophic with very low concentrations of growth substrates. Thus, the low concentrations of cell-bound and polymer bound lead observed in these experiments might be expected to prevail in natural environments. How ever, over long time periods the role of biogenic organic materials in transport of trace metals to sediments is probably significant.
Lead inhibition of P. cepacia growth
Lead inhibited the growth of P. cepacia in the biofilm reactor at total lead concentrations of 1-2 J.lM, and an IC so (inhibitory concentration that reduces growth rate by 50%) of 0.7 J.lM Pb 2 + was determined in shake-flask experiments. Because of the low concentrations of nutrients in the MMS-2 medium employed, 0.7 J.lM Pb 2 + corresponds to a total Pb concentration of only 0.9 J.l M. In richer media, the total lead concentration could be expected to be one or two orders of magnitude greater than the concentration of the free aquo Pb 2 + ion because of complexation and/or precipitation with media components. Thus determinations of lead toxicity to bacteria in rich media would be expected to result in observed toxicity at much higher total lead concentrations than those observed in the present work.
Lead inhibition of P. cepacia was apparently miti gated by the presence of iron deposits on reactor surfaces. Iron deposits may have reduced the avail ability of lead to the bacteria by sequestering lead, or alternatively iron may have facilitated a biological mechanism to avoid lead toxicity. Dissolved iron may have competed with lead for uptake sites on bacterial cells. Similar competition has been reported for other aquatic organisms such as phytoplankton .
Lead inhibition of growth should be considered in developing growth models for pure cultures of P. cepacia with lead present. However, in natural environments mixed cultures may be expected to be more resilient to such toxic effects. Further, the mitigation of toxicity by the presence of iron might also be expected to occur in natural systems.
Iron-biofilm interact'ions
Indirect influence of iron on the biological system via nutrition was not significant under the conditions of these experiments. The presence of iron increased initial biofilm accumulation rates, but did not affect long-term biofilm coverage. Other interactions between the biofilms and iron that could affect lead adsorption are effects of the biofilms on deposition and retention of colloidal iron on surfaces. It was observed during the experiments reported here that the presence of a biofilm led to increased retention of iron previously deposited by iron pretreatments. In one experiment, slides with similar iron pretreatments were placed either into the biofilm reactor where attached films were allowed to grow on the slides or into sterile medium. In most cases, slides with biofilms retained significantly more iron than slides that were stored in sterile medium. Biofilm enhancement of iron deposition was not considered in this research, but is being evaluated in other ongoing experiments with the reactor .
CONCLUSIONS
The presence of surface coatings of adherent bacteria and iron contributed to significant adsorption of lead to reactor surfaces. The strongest effect exerted by the biological system on lead distribution in these experiments was that of lead adsorption by the biofilms. Biofilms with 38 mequiv COD/m z of total oxidizable material increased lead adsorption relative to bare glass by a factor of five. These biofilms covered only 20-30% of the total available glass surface area, and a greater effect would be expected for complete biofilm coverage. Because surfaces in natural aquatic systems are usually completely coated with biofilms, these results are an indication of the importance of the effect of biofilms on lead distribution.
COD measurements indicated that attached cells in the biofilms contained significant quantities of extracellular organic material. This material, presumed to be polysaccharides, contributed to additional lead adsorption. In future work, extracellular materials in the biofilm should be studied more extensively in order to incorporate the binding of lead by these materials into modeling of lead distribution.
Iron deposits increased lead adsorption up to a maximum value of 0.05 mol Pb/mol Fe. Adsorption isotherms determined with these experimental data agree with previously published isotherm data for amorphous iron oxide . Surface iron concentrations of 30/~mol Fe/m 2 induced lead adsorption comparable to that of a biofilm with 38 mequiv COD/m 2 of oxidizable material. The relative contributions of iron compared to attached cells in influencing adsorption of lead to surfaces in natural aquatic environments will depend on the relative amounts of iron and cells present, and the isotherms presented here can be used to estimate these contributions. Total lead adsorption by the composite glass/iron/biofilm surface could be estimated by summing the predicted lead adsorption to each component using Langmuir adsorption isotherms.
Interactions between iron oxides and biofilms may also be important. For example, in the present work iron deposits were found to increase initial biofilm formation rates and biofilms increased the retention of iron deposits on the pretreated slides. Additional study of these phenomena to determine their significance in natural environments appears warranted.
Binding of lead to suspended cells and dissolved polymer accounted for only one percent of the lead in solution under the conditions of the biofilm reactor experiments. In many natural aquatic environments similarly low organic concentrations may exist, but the cumulative effect of lead adsorption to suspended cells followed by their deposition onto surfaces may be significant over long periods of time.
Toxicity of lead to P. eepacia significantly reduced suspended cell concentrations in the biofilm reactor for lead concentrations of 1-2/~M. However, this effect was temporary and was observed to be mitigated by the presence of iron.
While the reactor system employed in these experiments incorporated many elements of natural aquatic environments, it is still a very simplified simulation. A unique feature of the present work is that it included a well-defined composite system that included a biological component. This system permits the development of a mechanistic model for the growth, attachment and detachment of the biological system and their effect on lead adsorption. The creation of such a model is an objective of our ongoing research. This work will lay the foundation for expanding modelling to incorporate more variables that may exist in natural environments.
lron-biofilm interactions
Indirect influence of iron on the biological system via nutrition was not significant under the conditions of these experiments. The presence of iron increased initial biofilm accumulation rates, but did not affect long-term biofilm coverage. Other interactions be tween the biofilms and iron that could affect lead adsorption are effects of the biofilms on deposition and retention of colloidal iron on surfaces. It was observed during the experiments reported here that the presence of a biofilm led to increased retention of iron previously deposited by iron pretreatments. In one experiment, slid(:s with similar iron pretreatments were placed either into the biofilm reactor where attached films were allowed to grow on the slides or into sterile medium. In most cases, slides with biofilms retained significantly more iron than slides that were stored in s,terile medium. Biofilm enhance ment of iron deposition was not considered in this research, but is being evaluated in other ongoing experiments with thl~ reactor .
CONCLUSIONS
The presence of surface coatings of adherent bac teria and iron contributed to significant adsorption of lead to reactor surfaces. The strongest effect exerted by the biological system on lead distribution in these experiments was that of lead adsorption by the biofilms. Biofilms with 38 mequiv COD/m 2 of total oxidizable material increased lead adsorption relative to bare glass by a factor of five. These biofilms covered only 20-30% of the total available glass surface area, and a greater effect would be expected for complete biofilm coverage. Because surfaces in natural aquatic systems are usually completely coated with biofilms, thesl: results are an indication of the importance of the effect of biofilms on lead distribution.
COD measurements indicated that attached cells in the biofilms contaim:d significant quantities of extra cellular organic material. This material, presumed to be polysaccharides, contributed to additional lead adsorption. In futun: work, extracellular materials in the biofilm should be studied more extensively in order to incorporat'~ the binding of lead by these materials into modeling of lead distribution.
Iron deposits increased lead adsorption up to a maximum value of 0.05 mol Pb/mol Fe. Adsorption isotherms determined with these experimental data agree with previously published isotherm data for amorphous iron oxide . Surface iron concentrations of 30 Jlmol Fe/m 2 in duced lead adsorption comparable to that of a bio film with 38 mequiv COD/m 2 of oxidizable material. The relative contributions of iron compared to at tached cells in influencing adsorption of lead to surfaces in natural aquatic environments will depend on the relative amounts of iron and cells present, and the isotherms presented here can be used to estimate these contributions. Total lead adsorption by the com posite glass/iron/biofilm surface could be estimated by summing the predicted lead adsorption to each com ponent using Langmuir adsorption isotherms.
Interactions between iron oxides and biofilms may also be important. For example, in the present work iron deposits were found to increase initial biofilm formation rates and biofilms increased the retention of iron deposits on the pretreated slides. Additional study of these phenomena to determine their signifi cance in natural environments appears warranted.
Toxicity of lead to P. cepacia significantly reduced suspended cell concentrations in the biofilm reactor for lead concentrations of 1-2 JlM. However, this effect was temporary and was observed to be mitigated by the presence of iron.
While the reactor system employed in these exper iments incorporated many elements of natural aquatic environments, it is still a very simplified simulation. A unique feature of the present work is that it included a well-defined composite system that included a biological component. This system permits the development of a mechanistic model for the growth, attachment and detachment of the biological system and their effect on lead adsorption. The creation of such a model is an objective of our ongoing research. This work will lay the foundation for expanding modelling to incorporate more variables that may exist in natural environments.
